Pseudouridine 55 synthase (Y55S) catalyzes isomerization of uridine (U) to pseudouridine (Y) at position 55 in transfer RNA. The crystal structures of Thermotoga maritima Y55S, and its complex with RNA, have been determined at 2.9 and 3.0 A Ê resolutions, respectively. Structural comparisons with other families of pseudouridine synthases (YS) indicate that Y55S may acquire its ability to recognize a stem±loop RNA substrate by two insertions of polypeptides into the YS core. The structure of apo-Y55S reveals that these two insertions interact with each other. However, association with RNA substrate induces substantial conformational change in one of the insertions, resulting in disruption of interaction between insertions and association of both insertions with the RNA substrate. Speci®c interactions between two insertions, as well as between the insertions and the RNA substrate, account for the molecular basis of the conformational change.
INTRODUCTION
Pseudouridine (Y), also regarded as`the ®fth nucleotide' because of its abundance (1) , is post-transcriptionally converted from uridine through isomerization of the base by a class of enzymes called pseudouridine synthase (YS) . Y is shown to be important for the structural integrity of the transfer RNA (2) . The locations of several Y in the ribosomal RNA are conserved and are clustered near the peptidyl transfer site, implying their importance for the proper function of the ribosomes (3) . Furthermore, it has been shown that the lack of Y in the spliceosomal RNA results in loss of splicing function of the spliceosomes (4) .
Sequence comparison of pseudouridine synthases groups them into four separate families (5) , and structures representing each family are now available (6±9). More recently, a new pseudouridine synthase belonging to the ®fth family has been discovered (10) . Despite a lack of statistically signi®cant global sequence similarities among the families, superposition of the three-dimensional structures from all four families reveals that they share a core structure (YS core) consisting of two domains with babbab topology, as ®rst reported by Stroud and coworkers (6) . An aspartic acid was identi®ed to be strictly conserved among the four families of enzymes and was shown to be critical for catalysis, acting as a nucleophile in the isomerization reaction (11±14). This aspartic acid is located in the same structural position in the four families of YS, further supporting its essential role in catalysis. While it is generally agreed that the conserved aspartic acid is the nucleophile, opinion differs with regards to the target on the RNA substrate it attacks. The aspartic acid could attack C6 of the base to assist the rotation of the base during reaction (C6 mechanism, Fig. S1A , Supplementary Material) (15, 16) . Alternatively, the aspartic acid could attack C1¢ of the ribose to assist the departure of the base (C1¢ mechanism, Fig. S1B , Supplementary Material) (11, 16) . Santi and coworkers demonstrated the formation of a presumably covalent complex between pseudouridine synthase I (YSI) and 5FU-containing tRNA and reported the chemical characterization of the hydrolyzed product of the target nucleotide isolated from the complex (15) . More recently, crystal structures of Y55S in complex with 5FU-containing RNA have shown the hydrolyzed product of the isomerized 5FU in the active site (7, 17) . These studies strongly favor the C6 mechanism. On the other hand, the recent crystal structure of 16S rRNA pseudouridine synthase RsuA in complex with a UMP indicates that the C1¢ mechanism is also possible (8) . With the aim of resolving these two competing mechanisms, we have pursued structural determination of a YS-RNA complex trapped in the covalent intermediate state of the reaction. We have chosen Y55S over other YS as our system because the minimal RNA substrate in vitro has been de®ned, which may increase the chance of obtaining crystals of the YS-RNA complex. An additional bene®t of this choice is that the study yields insight into molecular recognition of RNA substrate by Y55S, as well as evolutionary relationship of Y55S compared to other YS. We report here our attempts to trap the Y55S-RNA covalent intermediate, the structure of apo-Y55S, as well as the structure of Y55S in complex with 5FU-containing RNA.
MATERIALS AND METHODS

RNA substrates, protein expression and puri®cation
The RNA was from Dharmacon Research (Boulder, CO) and was puri®ed using denaturing polyacrylamide gel electrophoresis (15% acrylamide, 8 M urea). Concentration of RNA was estimated by UV at 260 nm. A plasmid encoding *To whom correspondence should be addressed. Tel: +1 217 333 3967; Fax: +1 217 244 5858; Email: huang@uiuc.edu Escherichia coli Y55S was a gift from Daniel V. Santi (University of California, San Francisco, CA). The ampli®-cation of the gene encoding Thermotoga maritima Y55S was performed with genomic DNA from T.maritima (ATCC 43589D) as the template and two primers, the forward primer 5¢-TAGGGCGAATTCAAGGAGATATACATATGAATG-GAATATTT GCTATTGAG-3¢ (EcoRI site is underlined), and the reverse primer 5¢-TAGGCAAAGCTTTTACCTCG-TGTTGAAGACCTTTCT-3¢ (the HindIII site is underlined). The digested PCR product was ligated with the EcoRI/HindIII digested vector pLM-1 (18). The ligated product was then transformed into DH5a cell by heat shock. DNA sequencing indicates that no mutation was introduced during PCR ampli®cation.
The pLM-Y55S vector was transformed into BL21(DE3) cells. Cells were grown in LB medium in the presence of 0.1 mg/ml ampicillin at 37°C. When the cell culture was grown to OD 600 » 0.6, IPTG was added to 1 mM ®nal concentration. The induced cell was grown for additional 4 h at 37°C and then harvested by centrifuging at 4000 g for 20 min at 4°C. Cell pellet was re-suspended in 20 ml of lysis buffer containing 20 mM HEPES (pH 7.0), 50 mM NaCl, 1 mM EDTA and were lysed using a French Press. The cell lysate was centrifuged at 10 000 g for 1 h and the supernatant was loaded into a SP Sepharose column equilibrated with SP buffer A (10 mM HEPES, pH 7.0, 10 mM DTT, 10 mM NaCl). The column was eluted with a linear gradient of NaCl (10 mM±1.0 M) with SP buffer B (10 mM HEPES, pH 7.0, 10 mM DTT, 1.0 M NaCl). Thermotoga maritima Y55S was eluted in fractions between 450 and 550 mM of NaCl. The fractions were combined and 2.5 M (NH 4 ) 2 SO 4 stock solution was added to the ®nal concentration of 1 M. The resulting sample was loaded into a HiLoad Sepharose column equilibrated with HiLoad buffer A [10 mM HEPES, pH 7.0, 10 mM DTT, 1 M (NH 4 ) 2 SO 4 ]. The column was eluted with a linear gradient of 1.0±0.0 M of (NH 4 ) 2 SO 4 . Thermotoga maritima Y55S was eluted at 450±600 mM of (NH 4 ) 2 SO 4. The Y55S containing fractions were pooled and dialyzed against a dialysis buffer containing 10 mM HEPES, pH 7.0, 10 mM DTT, 10 mM NaCl. After dialysis, the sample was loaded into a Mono S column. The column was eluted with 20 ml of buffer with linear gradient from 10 mM to 1.0 M of NaCl. Y55S was eluted between 350 and 450 mM of NaCl. The protein was then loaded into a Superdex column equilibrated with 10 mM HEPES pH 7.0, 500 mM NaCl, 10 mM DTT. Y55S was eluted between 85 and 100 ml. The fractions containing T.maritima Y55S were combined and concentrated to 5 mg/ml.
SDS gel analysis of formation of stable Y55S-RNA complex
For a typical reaction shown in Figure 1B , E.coli or T.maritima Y55S (20 mM) was mixed with equal molar of the stem±loop RNA in 10 ml of reaction buffer containing 10 mM MES (pH 6.5), 50 mM NaCl. After the reaction mixture was incubated at 4°C for 12 h, 5 ml of 2Q standard SDS loading buffer containing 4 mM DTT was added. The resulting mixture was further incubated at 25°C for 5 min and 12 ml of each sample was loaded to a 12% SDS gel. The conditions for reaction and gel analysis shown in Figure 1C were similar to those shown in Figure 1B except the concentrations of protein and RNA were 80 mM and, for those samples that required heating, 5 min of incubation at 95°C was used instead of 25°C before gel loading.
Puri®cation and crystallization of Y55S-RNA complex, crystallization of Y55S
The in situ procedure for the complex formation was carried out on a preparative scale, thereby generating a stable Y55S-RNA complex comprising Y55S bound to a 22-nucleotide 5FU-containing RNA oligomer (Fig. 1A) . This complex was puri®ed on a FPLC system using HiTrap Phenyl Sepharose column, and the sample was concentrated, and the resultant Y55S-RNA complex [7 mg/ml, in a buffer containing 10 mM HEPES, pH 7.0, 50 mM (NH 4 ) 2 SO 4 , 1 mM DTT] was subject to crystallization efforts. Crystals of the complex were obtained using vapor diffusion method by mixing the crystallization sample with an equal volume of a well solution containing 100 mM Tris±HCl, pH 8.0±8.5, 10±12% polyethylene glycol (PEG) 6000, and 100±300 mM NaCl. Crystals grew in diamond shape in 2±3 days at 4°C. Crystals of selenomethionine Y55S-RNA complex were obtained under similar conditions. Crystals of Y55S were obtained using vapor diffusion method by mixing Y55S (5 mg/ml, in a buffer containing 10 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM DTT) with an equal volume of a well solution containing 100 mM HEPES, pH 7.0, 8±10% polyethylene glycol (PEG) 6000, and 0.8±1.0 M NaCl. Crystals grew as thin plate in 3±4 weeks at 4°C.
Data collection, structural determination and re®nement
Crystals of Y55S-RNA complex were harvested after 2 days of growth at 4°C and stepwise (0.5 h for each step) soaked in a series of cryo-protecting solutions containing all the components of the well solution plus 5, 10, 15, 20 and 25% glycerol. Crystals of Y55S were harvested after 3 weeks of growth at 4°C and brie¯y soaked (3±5 min) in a cryoprotecting solution containing all the components of the well solution plus 20% glycerol. The soaked crystals were then mounted in a nylon loop and¯ash-frozen in liquid nitrogen. Three-wavelength anomalous dispersion (MAD) data were collected at the 14-BMC beamline at Advanced Photon Source (APS), and the native data for Y55S and Y55S-RNA complex were collected at the 19-ID beamline at APS. Data were reduced with Denzo and Scalepack (19) . For phase determination, the resolution range from 30 to 3.5 A Ê was chosen. Four of eight expected Se sites (assuming two complexes in the asymmetric unit) were found using program Solve (20) . The phases were improved by using program RESOLVE (21) . The initial map indicates that there are two complexes in the asymmetric unit, one substantially more ordered than the other. The four Se sites from SOLVE were all located in the better ordered complex, and the complex was manually built with program O (22), followed by re®nement with program CNS (23) . Phases were improved by several rounds of rebuilding and re®nement, allowing small parts of the second complex to be built and re®ned. The partially built model of the second complex revealed that the two complexes stack head-to-head through base-pairing of the overhanging 5¢ guanine residue in RNA (Fig. 1A) , resulting in extension of helix from one stem to the other (Fig. 2B) . Two-fold noncrystallographic symmetry (NCS) restraints were then introduced in the CNS re®nement protocol in order to build more residues of the second complex. Electron density map indicated that the disorder of the second complex was uneven, with the part of molecule further away from dimer interface more disordered. Despite our best efforts, we were not able to build residues 68±107, 150±161, 173±191 and 284±302 of Y55S in the second complex because of severe disorder, resulting in a model with R free of 35% and R work of 29%. In order to improve the quality of model, it was necessary to eliminate NCS restraints in the CNS re®nement protocol for further rounds of re®nements. The ®nal model has R-factor of 26.1% (R free = 31.8%). Attempts to reduce R free to less than 30% were not successful. Final re®nement statistics are given in Table 1 .
In order to determine the structure of apo-Y55S, the re®ned model of Y55S-RNA complex, with the omission of RNA and Ins2 of Y55S, was used for the search model for the molecular replacement calculations with program AMORE (24) . Four solutions were obtained. After rigid body re®nement, density for some of the missing Ins2 was evident and the observable residues were then built with program O, followed by re®nement with program CNS. Additional residues were added as re®nement proceeded. Phases were improved by many rounds of manual rebuilding and re®nement, with 4-fold non-crystallographic symmetry (NCS) restraints of Y55S (minus Ins2) in all re®nement protocols. The ®nal model shows that three of four molecules in the asymmetric unit contain well-ordered structure of Ins2.
RESULTS
Formation of stable Y55S-RNA complex
Our initial goal was to trap the covalent intermediate of Y55S-catalyzed reaction. Therefore, we have prepared Y55S from four different organisms (E.coli, T.maritima, Bacillus subtilis and yeast) and four RNAs that differ from one another with the identity of nucleotide at position 55 (Fig. 1A) . Y55S was incubated with RNA pair wise and the resulting samples were analyzed by SDS±PAGE without heating. Incubation of the RNA substrate that contains 5FU at position 55 with T.maritima Y55S resulted in appearance of a new band in an SDS gel, albeit with an increased electrophoretic mobility (Fig. 1B, lane 8) . This fast moving band was not observed when the enzyme was incubated with RNA that contain U, dU and 2¢FU at position 55 (Fig. 1B, lanes 5±7) , or in studies that employ Y55S from other organisms (E.coli, Fig. 1B, lanes 1±  4 ; B.subtilis and yeast, data not shown). Two lines of evidence indicate that this faster-moving band contains a stable protein± RNA complex: (i) treatment of the sample with heat before the SDS gel analysis resulted in disappearance of this band (Fig. 1C, lane 2) , indicating that the Y55S had not been proteolytically cleaved with the incubation of 5FU-containing RNA; (ii) UV spectrum of the sample extracted from this band Mean ®gure-of-merit (FOM) for phasing = 0.52 from SOLVE and 0.66 after RESOLVE. I/s (I) is the mean re¯ection intensity/estimated error. Rsym = S|I ± <I>|/SI, where I is the intensity of an individual re¯ection and <I> is the average intensity over symmetry equivalents.
where F o and F c are the observed and calculated structure factor amplitudes. R free is equivalent to R crystal but calculated for a randomly chosen set of re¯ections that were omitted from the re®nement process.
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showed the maximum of absorption of 256 nm, indicating that the sample contains RNA (data not shown). Formation of this product requires a 5FU-containing RNA possessing the conserved sequences required to be a substrate of Y55S shown in Figure 1A , as incubation of 5FU-containing RNA mutants (U54C, C56U or A58G) with Y55S did not produce such a band (Fig. 1C) . Furthermore, the conserved aspartic acid (D39 in T.maritima Y55S) is also required for the formation of this product, as a D39A mutant failed to form such a product (data not shown). The cause for the increased mobility of the Y55S-RNA complex in SDS gel is not clear. It is possible that the combination of the use of a thermostable protein (T.maritima is a thermophilic bacterium) and its tight association with RNA caused failure to denature Y55S in the complex by SDS loading buffer at 25°C, resulting in a complex with a more compact shape and a corresponding increase in mobility in SDS±PAGE compared to the denatured, unliganded protein.
The fact that the same band was not observed with U, dU or 2¢FU-containing RNA indicates either that Y55S forms a covalent complex with the 5FU-containing RNA, or that Y55S binds the 5FU-containing RNA non-covalently but very tightly. In order to understand the nature of the complex, which may have implications for the mechanism of the YScatalyzed reaction, we have puri®ed the complex in large scale and successfully carried out crystallization of the complex.
Structures of Y55S and Y55S-RNA complex
The structure of Y55S-RNA complex was determined at the 3.0 A Ê resolution using the phase information from the MAD data (Fig. 2B) . We have also determined the structure of apo-Y55S at the 2.9 A Ê resolution ( Fig. 2A) . Electron density maps calculated from the MAD data of the Y55S-RNA complex indicate that the Y55S is not covalently linked to the RNA, but rather a hydrolyzed product of isomerized 5FU (5-¯uoro-6-hydroxy-Y, or FhY, Fig. 3 ). Thus, our structure is essentially the same as the one reported earlier by Hoang and Ferre-D'Amare (Fig. S2B, Supplementary Material) (7), as well as the one reported very recently by Stroud and coworkers (Fig. S2A, Supplementary Material) (17) . The interactions between Y55S and RNA are essentially identical to those from previous reports and will not be presented here. Instead, given the availability of the structure of apo-Y55S, we will focus our discussions on structural changes resulting from association of Y55S with RNA, the possible evolutionary origin of Y55S, and implications of failure to obtain a covalent complex for the possible mechanism of the YS-catalyzed reaction.
A different approach of structural description of Y55S was employed, which we believe allows us to better understand the role of each part of Y55S in substrate recognition from evolutionary point of view. Speci®cally, instead of sequential assignment of the secondary structure, the structure of Y55S is divided into two parts: one is the YS core, which is shared by all four families of YS (Fig. 2, colored in light blue) ; the other is a collection of two insertions (Ins1 and Ins2) and a Cterminal addition (C-Addition), which are unique to Y55S (Fig. 2 , colored in yellow, magenta, and orange, respectively). As shown in Figure 2B , Ins1, Ins2 and the C-Addition all interact with the RNA substrate; their precise roles will be discussed in detail later. 
Conformational changes and molecular basis of the changes
Three-dimensional superposition of the structure of apo-Y55S to that from the Y55S-RNA complex reveals that the YS core overlaps well (Fig. 4A) , indicating that association of RNA does not cause structural changes to the YS core. The overlap is not as good for Ins1 and the C-Addition, but the changes are small (slight movement of both Ins1 and C-Addition toward the RNA in the complex). On the other hand, association of RNA with Y55S results in a substantial conformational change in Ins2 (Fig. 4A) . The change can be depicted as a roughly 180°¯ip with a twist, resulting in translocation of the central loop in Ins2 by 26 A Ê .
Conformational changes are also observed in the RNA substrate upon its association with Y55S, most notably in the target base, which¯ips out of the loop (Fig. 4B) . The bases at positions 56 and 57 also change, although to a lesser extent than the base at position 55. In addition to the base¯ipping, there is a slight twist of the RNA backbone in the loop region.
In the absence of RNA, Y55S is in a closed form in the insertion region (Figs 2A and 5A ). Both Ins1 and Ins2 are sequestered through mutual interactions. The nature of interactions is mainly non-speci®c, with van der Waals contacts between Ins1 and Ins2, resulting in a buried surface area of 510 A Ê 2 . The modest buried surface area is consistent with the functional requirement that the interaction between these two insertions must be disrupted upon RNA binding (see below). In addition to many non-speci®c interactions, two speci®c interactions are also observed: (i) the main chain carbonyl group of E78 in Ins1 accepts a hydrogen bond from the main chain amide of Y117 in Ins2; (ii) the side chain of V87 stacks on the side chain of Y117 (Fig. 5A ). V87 and Y117 appear to be conserved among Y55S, as sequence alignment of 20 Y55S shows V, I or L at position 87, and Y or F at position 117 (data not shown). Since these two amino acids are not involved in binding of RNA substrate, their conservations are likely necessary for the speci®c interaction in apo-enzyme described above.
Upon RNA binding, the insertion region of Y55S opens up as a result of substantial movement of Ins2 (Figs 2B and 5B). Because of this movement, Ins1 and Ins2 no longer interact with each other and instead, they both interact with the RNA substrate. Ins1 only interacts with the base of the conserved nucleotide C56. The side chain of D81, whose position is secured by forming a hydrogen bond with the side chain of S79, accepts a hydrogen bond from the N4 of C56 (Fig. 5B) . Both D81 and S79 are strictly conserved amongst Y55S from different species.
Ins2 interacts with both sides of the RNA surrounding FhY55 but not with FhY55 itself: three nucleotides on the 5¢ end of FhY55 (G52, G53 and U54) and two nucleotides on the 3¢ end of FhY55 (C56 and G57) (Fig. 5B) . The interactions with the nucleotides on the 5¢ end of FhY55 are not sequence speci®c. Each of the main chain amides of G124 and K121 and the side chain of K120 donates a hydrogen bond to the phosphate group of G52, G53 and U54, respectively. Three interactions were observed with the nucleotides on the 3¢ end of FhY55: A hydrogen bond from the main chain amide of A119 to the phosphate backbone of C56; a hydrogen bond from the side chain of R132 to the O2 of C56; and stacking of the side chain of Y128 on the ribose of G57. A119, Y128 and R132 are all strictly conserved in Y55S. The interaction of R132 in Ins2 with the O2 of C56, together with the interaction of D81 in Ins1 with the N4 of C56, constitutes speci®c recognition of the conserved nucleotide C56.
In addition to its interaction with Ins1 (in apo-Y55S) or the RNA (in Y55S-RNA complex), one end of Ins2 interacts with helix 5 from the YS core. Speci®cally, the side chain of Q112 forms bifurcate hydrogen bonds with the main chain carboxyl group and amide of Y170, and the main chain carbonyl group of V113 accepts a hydrogen bond from the side chain of S173 ( Fig. 5A and B) . Both Q112 and S173 are conserved. Since these two interactions are maintained in Y55S regardless of whether RNA is bound, they appear to serve as the anchoring point for the conformational change of Ins2 upon association of RNA with Y55S.
The active site
As in the case of two previous reported structures of Y55S-RNA complexes (7, 17) , the nucleoside at position 55 is the hydrolyzed product of the isomerized FU, FhY55. There are extensive interactions between FhY55 and amino acids from the YS core (Fig. 3) . These extensive interactions, along with the fact that FhY55 no longer contains a planar base, may account for tighter binding of the Y55S to the 5FU-containing RNA relative to other RNAs (containing U, dU and 2¢FU instead of 5FU at position 55), as observed by our SDS gel analysis (Fig. 1B) .
DISCUSSION
Insight from the two structures described here, combined with previously reported biochemical and structural studies, allowed us to address two fundamental issues: the molecular recognition of tRNA substrate by Y55S and the possible evolutionary origin of Y55S. The failure to trap the covalent intermediate may also have implication on the third fundamental issue: the likely mechanism of YS-catalyzed reaction.
The minimum requirements for an RNA to serve as a substrate for Y55S are a stem±loop structure and four conserved nucleotides, U54, U55, C56 and A58, in which U55 is the target nucleotide for catalysis (25, 26) . U54 and A58 form a reverse Hoogsteen base pair with each other (Fig. 4B) , and therefore play a structural role of the TYC loop in RNA. This reduces the requirement for the recognition of the RNA substrate to two nucleotides, U55 and C56. The structure of Y55S-RNA complex indicates that the amino acids responsible for interacting with FhY55 are all from the YS core (Fig. 3) . Therefore, assuming that substrate recognition and chemical mechanism are the same when a U instead of 5FU is at position 55, the YS core is solely responsible for the recognition of U55, as well as for catalysis in U55 to Y55 conversion, a conclusion that is consistent with structural comparisons of Y55S with other families of YS. Recognition of C56 is achieved by its interaction with Ins1 and Ins2, which only exist in Y55S. Therefore, it is likely that Y55S has evolved from a precursor YS, which probably consisted of only the YS core, as a consequence of two insertions (Ins1 and Ins2) and a C-terminal addition (C-Addition). Ins1 and Ins2 are responsible for speci®c recognition of C56. Ins2 has additional interactions with other parts of RNA in the loop region, which may be required for proper binding of RNA substrate with a stem±loop structure (Fig. 5B) . The CAddition was shown to interact with the stem part of RNA from the second complex in an asymmetric unit (Fig. 2B) . Therefore, its role is likely to strengthen the binding of the natural substrate, which is an entire tRNA instead of the RNA stem±loop employed in this study. This is consistent with nonspeci®c nature of the interaction as well as low sequence similarities of C-Addition among Y55S from different organisms (data not shown).
The YS core of the Y55S-RNA complex is essentially unchanged when compared to the structure of apo-Y55S. In addition, the directions of small conformational changes in Ins1 and C-Addition and substantial change in Ins2 are all toward RNA upon RNA binding (Fig. 4A) . This indicates that the RNA-binding cleft in apo-Y55S is fully accessible for the RNA substrate. This, together with the fact that the global conformational change in RNA after its association with Y55S is not substantial (Fig. 4B) , points to the initial event of Y55S-RNA association as RNA rigidly docking on the Y55S RNAbinding cleft through surface complementarities, followed by slight adjustments in both RNA (such as the backbone in the loop region) and protein (such as slight closing of C-Addition toward the stem of RNA) to better ®t each other. Interaction between Ins1 and Ins2 is then disrupted and both Ins1 and Ins2 are now able to interact with their individual RNA targets at the 5¢ and 3¢ ends of U55 (Fig. 5) . These interactions, accompanied by further local structural adjustments of the active site in the YS core and the target nucleotide U55 in RNA, result in a ®nal con®guration of Y55S-RNA complex that is productive for catalysis.
It is unlikely that different crystal packing environments between the apo and the complex crystals are the cause of the conformational changes observed. Three of four molecules in the asymmetric unit of the apo crystal, which are in different crystal packing environment, adopt the same structure shown in Figure 2A , indicating the conformation in the insertion region of apo-Y55S is genuine. Furthermore, despite belonging to different space groups, our complex structure overlapped very well with the previously reported similar structures (Fig. S2, Supplementary Material) , demonstrating that the structural changes observed are indeed due to RNA binding.
The molecular and energetic bases of dissociation of Ins1 and Ins2 and their association with RNA are unclear. It is possible that the initial binding RNA by Y55S weakens the relatively modest interaction between Ins1 and Ins2. The more likely scenario is that the interaction between Ins1 with Ins2 is in equilibrium between association and dissociation states, with the association state predominant when the RNA substrate is not available. Upon RNA binding, the equilibrium shifts to the dissociation state because of interactions of Ins1 and Ins2 with RNA. This is consistent with the observation that Ins2 is disordered in one of four molecules in the asymmetric unit, and also in the structure of apo-Y55S from E.coli as observed by Stroud and coworkers (17) . The modest af®nity with which Ins1 and Ins2 associates in apo-Y55S may have functional consequences: The association would likely hinder proteolytical degradation in the absence of RNA substrate, while also facilitating release of RNA product when the reaction is complete, which requires dissociation and movement of Ins1 away from RNA.
It is interesting to note that the approach of substrate recognition employed by Y55S is different from another RNA modi®cation enzyme, tRNA guanine transglycosylase (TGT), for which, the structures of both the apo-enzyme and the enzyme bound to the RNA substrate are available (27, 28) . Unlike Y55S, the conformation of TGT is essentially unchanged after its association with the RNA substrate. Instead, substantial conformational change occurs in the RNA substrate in order to ®t into the substrate-binding cleft in TGT (28) . Hence, our structural studies [Xie et al. (28) and this study] of two differing RNA modi®cation enzymes illustrate the plasticity of both protein and RNA substrate in protein± RNA recognition.
We can speculate on the reasons for our inability to trap a covalent enzyme±substrate complex. We failed to observe a covalent intermediate in the structure of Y55S-RNA complex, despite our short crystallization time and low incubation temperature (48 h at 4°C). Instead, it is the hydrolyzed product of the isomerized 5FU, FhY. The Y55S-RNA complex recovered from crystals behaved exactly the same as the puri®ed complex before crystallization in SDS gel, e.g. only the rapidly migrating band was observed in the gel (data not shown), indicating the formation of FhY55 might occur before crystallization. The observation only required as little as 10 min incubation of Y55S with 5FU-containing DNA (data not shown). These observations make us wonder if FhY55 is indeed formed through hydrolysis of the double bond between N1 and C6 in the non-covalent intermediate formed through the C1¢ mechanism (Fig. S1B, Supplementary Material) , instead of the hydrolysis of the covalent intermediate formed through the C6 mechanism (Fig. S1A , Supplementary Material). Because of our failure to observe the covalent intermediate, the mechanism of YS-catalyzed reaction remains uncertain.
